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The D,DX35E motif characteristic of retroviral integrase enzymes (INs) is expected to bind the required
metal cofactors (Mg2� or Mn2�), but direct evidence for a catalytic role has been lacking. Here we used a metal
rescue strategy to investigate metal binding. We established conditions for analysis of an activity of IN,
disintegration, in both Mg2� and Mn2�, and tested IN mutants with cysteine substitutions in each acidic
residue of the D,DX35E motif. Mn2� but not Mg2� can bind tightly to Cys, so if metal binding at the acidic
residues is mechanistically important, it is expected that the Cys-substituted enzymes would be active in the
presence of Mn2� only. Of the three acidic residues, a strong metal rescue effect was obtained for D116C, a
weaker rescue was seen for D64C, and no rescue was seen with E152C. Modest rescue could also be detected
for D116C in normal integration in vitro. Comparison to Ser and Ala substitutions at D116 established that
the rescue was selective for Cys. Further studies of the response to pH suggest that the metal cofactor may
stabilize the deprotonated nucleophile active in catalysis, and studies of the response to NaCl titrations
disclose an additional role for the metal cofactor in stabilizing the IN-DNA complex.

The D,DX35E phosphotransfer enzymes comprise a large
family including the retroviral integrases (INs), long terminal
repeat (LTR)-retrotransposon INs, and bacterial transposases
(23, 36, 41, 49). The family is defined by a characteristic three-
dimensional fold containing mixed alpha helix and beta sheets
that brings the three acidic residues of the D,DX35E motif
close to one another in space. In some of the available struc-
tures of D,DX35E catalytic domains, one or two metal atoms
can be visualized bound to the D,DX35E residues (4, 10–12, 16,
18, 47, 50). Mutations of these acidic residues strongly de-
crease enzyme function (20, 36, 44, 45), and cross-linking stud-
ies show that parts of the nucleic acid substrates near the
reactive phosphates bind near the D,DX35E motif (22, 24, 32).
The central domain of IN contains the conserved D,DX35E
motif, and this domain alone can catalyze a permissive relative
of the normal integration reaction in vitro (disintegration),
indicating that this domain contains the catalytic center (8, 46).
In addition, binding of the diketo-acid inhibitors to the IN
active site has been proposed to involve binding two metal
atoms as well as protein functional groups (30). These data
suggest a role for metal atoms bound by the D,DX35E in
catalysis, but a direct functional role has not previously been
documented.

A linear form of the viral DNA serves as the substrate for IN
(Fig. 1A). Prior to integration, IN removes two nucleotides
from the 3� end of each LTR DNA, exposing recessed 3�
hydroxyl groups. IN then catalyzes a nucleophilic attack by the
recessed 3� hydroxyl groups on phosphodiester bonds on each
target DNA strand. This results in joining of each viral DNA 3�

end to protruding 5� ends in the target and concomitant break-
ing of the target phosphodiester backbone. Gap repair and
connection of the remaining DNA strands are probably carried
out by host DNA repair systems. The terminal cleavage and
first strand transfer reactions can be modeled in vitro with
purified IN (Fig. 1B) (5, 7, 9, 14, 35, 43) and the gap repair step
modeled with purified cellular DNA repair enzymes (51).

Here we have used a strategy based on metal rescue to
investigate the roles of the D,DX35E acidic residues in ca-
talysis. Mn2� can bind tightly to sulfur atoms while Mg2�

binds much more weakly. In previous studies of ribozyme
catalysis, for example, replacement of phosphate oxygens
involved in metal binding with phosphorothioates has al-
lowed rescue of catalysis by the addition of Mn2� instead of
the usual Mg2� (17, 38). Human immunodeficiency virus
type 1 (HIV-1) IN is active in the presence of either metal
in vitro, so substitution of a metal-binding amino acid by Cys
is expected to be tolerated if Mn2� is the metal cofactor but
not if Mg2� is used.

Key to this work was developing conditions in which the
relatively permissive disintegration assay (13) was active in
Mg2� as well as Mn2�, since this allowed direct assay of metal
rescue. Previous workers demonstrated that certain IN deriv-
atives containing Cys substitutions retained some activity in
Mn2� in vitro (26). However, the lack of conditions permitting
efficient disintegration in Mg2� prevented direct demonstra-
tion of metal rescue and consequently prevented a formal
demonstration of a functional role for bound metal at the
D,DX35E motif. Obtaining disintegration activity in Mg2� re-
quired recognizing that the F185K substitution in IN, often
included to improve IN solubility, in fact strongly inhibited
reactions in Mg2� (39). Here we have used these methods to
evaluate the roles of metal in IN-mediated reactions.

* Corresponding author. Mailing address: University of Pennsylva-
nia School of Medicine, Department of Microbiology, 3610 Hamilton
Walk, Philadelphia, PA 19104-6076. Phone: (215) 573-8732. Fax: (215)
573-4856. E-mail: bushman@mail.med.upenn.edu.

6715



MATERIALS AND METHODS

Oligodeoxynucleotides. The following oligodeoxynucleotides were purchased
from Integrated DNA Technologies or QIAGEN: HU520B (5�-ACTGCTAGA
GATTTTCCACA), HU520T (5�-TGTGGAAAATCTCTAGCAGT), HU518T
(5�-TGTGGAAAATCTCTAGCA), DIS1 (5�-ACTGCTAGAGATTTTCCA
CA), DIS2 (5�-TGTGGAAAATCTCTAGCAGGGGCTATGGCGTCC), DIS3
(5�-GAAAGCGACCGCGCC), and DIS4 (5�-GGACGCCATAGCCCCGGCG
CGGTCGCTTTC). The following oligodeoxynucleotides were used in the mi-
crotiter assay: ST33bd (5�-digoxigenin-GACCCTTTTAGTCAGTGTGGAAAA
TCTCTAGCA), ST35tb (5�-ACTGCTAGAGATTTTCCACACTGACTAAAA
GGGTC-3�-biotin), Dis2-bio (5�-TGTGGAAAATCTCTAGCAGGGGCTATG
GCGTCC-3�-biotin), dig-Dis3 (5�-digoxigenin-GAAAGCGACCGCGCC).

To prepare 5� 32P-labeled strand transfer substrate HU520, HU520T was 5�
end-labeled with T4 polynucleotide kinase and [�-32P]ATP (37) and then was
annealed with HU520B. Postprocessing strand transfer substrates (HU518), in
which two nucleotides had been removed, were formed by annealing the mixture
of HU518T and HU520B. Disintegration substrates (DIS) were formed by an-
nealing a mixture of Dis1, Dis2, 5� 32P-labeled Dis3, and Dis4.

To prepare strand transfer substrate ST33 for microtiter assay, ST33bd and
ST35tb were mixed and annealed to form the duplex substrate. Disintegration
substrate DISbd for the microtiter assay was formed by annealing the mixture of
Dis1, Dis2-bio, dig-Dis3, and Dis4.

IN mutants. Mutants D64C, D116C, E152C, D116A, D116S, C65S, and
D116C�D64C were prepared by introducing each mutation into a synthetic
full-length HIV-1 IN sequence that also encoded an amino-terminal His tag and
thrombin cleavage site (25). The wild-type IN and all mutants were overex-
pressed and purified as described previously (24). All of the mutants tested
displayed similar behavior during purification, suggesting that the amino acid
substitutions did not drastically disrupt normal protein folding.

We also investigated the effect of the His tag on the activities of wild-type IN
and several mutants. In some cases, the form with the His tag removed was
slightly more active (1.3-fold, data not shown). The metal atom usage profile was
identical where checked between IN proteins with and without the His tag (data
not shown). The data reported are for proteins with the His tag.

Microtiter assays of IN activity. Standard reaction mixtures contained 250 nM
IN, 6 ng of substrate oligodeoxynucleotide duplex, 20 mM HEPES (pH 7.5), 5%
polyethylene glycol, 5 mM MgCl2, 10 mM dithiothreitol, and 0.1 mg of bovine
serum albumin/ml. The reactions were carried out at 37°C for 40 min and then
stopped by the addition of single-stranded DNA buffer to make a final mixture
containing 40 mM Tris-HCl (pH 8.0), 0.4 M NaCl, 20 mM EDTA, and 0.1 mg of

sonicated salmon sperm DNA/ml. The mixtures were then transferred to strepta-
vidin-coated microtiter plates and gently shaken on a platform shaker for 1 h at
room temperature. Unbound DNA was removed, and wells were washed with
alkali wash (30 mM NaOH, 200 mM NaCl, 1 mM EDTA) three times for 5 min,
followed by one wash with Tris-EDTA buffer. Fifteen units of antidigoxigenin
peroxidase Fab fragments was incubated for 1 h at 37°C. Excess antibody was
removed by washing five times with buffer Tris-buffered saline–0.1% Tween 20.
3,3�-5,5�-tetramethylbenzidine was added to each well and incubated at room
temperature for 15 min to allow sufficient blue product to accumulate. Reactions
were stopped by adding 1 M sulfuric acid. Colorimetric analysis was carried out
at 690 nm.

All reactions with 32P-labeled substrates were carried out as described previ-
ously (24).

RESULTS

Microtiter assays of disintegration and strand transfer. To
facilitate quantification of disintegration by HIV-1 IN, we es-
tablished an enzyme-linked immunosorbent assay (ELISA)-
based microtiter assay (Fig. 1B). The disintegration substrate
used contained four oligodeoxynucleotide strands. One strand
contained a biotin on the 5� end, and another strand contained
digoxigenin on the 3� end. The disintegration reaction co-
valently connected the 5� biotin-modified strand to the 3�
digoxigenin-modified strand. After denaturation, this strand
could be captured on streptavidin-coated microtiter plates by
binding to the 5� biotin group. The 3� digoxigenin group could
then be detected by ELISA with a horseradish peroxidase-
conjugated antidigoxigenin antibody and colorimetric horse-
radish peroxidase substrate. The previously published microti-
ter assay for strand transfer similarly used an ELISA method
exploiting the reaction to join DNA strands containing 5� bi-
otin and 3� digoxigenin (15, 33).

Metal rescue of active site cysteine mutants. To identify
potential metal ion binding residues in the D,DX35E motif, we

FIG. 1. (A) DNA breaking and joining reactions involved in integration. Two nucleotides are removed from the viral cDNA end in the terminal
cleavage step (left), then the recessed 3� hydroxyl generated by cleavage is used to attack a phosphodiester in the target DNA, joining the viral
DNA end and cleaving the target (right). Disintegration is the reversal of the strand transfer step. (B) Diagram of the microtiter plate assay for
disintegration. The disintegration reaction covalently links a biotin-modified DNA strand to digoxigenin-modified strand. The resulting strand can
be captured on a streptavidin-coated microtiter plate and quantified with an antidigoxigenin ELISA. HRP, horseradish peroxidase.

6716 GAO ET AL. J. VIROL.



purified IN mutants containing Cys in place of the acidic res-
idues (e.g., D64C, D116C, and E152C) and analyzed their
activities. Figure 2 shows the catalytic activities of D64C,
D116C, and E152C in the presence of Mg2�, Mn2�, or Zn2�,
assessed with the microtiter assays (Fig. 2A and B). No activity
was seen in the presence of Mg2� for the D64C, D116C, and
E152C mutants in the strand transfer assay. In the presence of
Mn2�, in contrast, a partial rescue could be seen. D116C
showed about 15% of the activity of wild-type IN, and D64C
and E152C showed about 6% of the activity of wild-type IN.

Zn2� did not support the activity of wild-type or mutant IN
derivatives in any assay.

In the disintegration assay, in the presence of Mg2� (Fig.
2B), the three Cys substitution mutants did not display detect-
able activity. However, in the presence of Mn2�, the D116C
mutant displayed fully 70% of the wild-type activity. Charac-
terization of the reaction kinetics showed that the rate of
product formation with the D116C mutant was within a factor
of two of that with wild-type IN (data not shown). About 17%
rescue can be seen in the disintegration reaction containing

FIG. 2. Activities of IN mutants containing substitutions of the D,DX35E motif acidic residues with Cys. In each panel, the metal used in the
test reactions is indicated below the graph. (A) Activities of wild-type IN and mutants in the strand transfer assay quantified by the microtiter
ELISA assay. The wild-type activity is set at 1; the mutants studied are indicated below the graph. (B) Disintegration activities of mutant and
wild-type IN. Markings are as described for panel A. The values (arbitrary PhosphorImager units) were as follows: wild-type, 1874; D64C, 159;
D116C, 928; E152C, 11. (C) Strand transfer activity of wild-type and Cys substitution IN mutants measured with end-labeled substrates. Left,
activities with a blunt-ended LTR substrate. Right, activities with the postcleavage LTR substrate. (D) Disintegration activities measured with
end-labeled substrates. (E) Terminal cleavage activities measured with end-labeled substrates.
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D64C in the presence of Mn2�. E152C was still inactive in the
presence of Mn2�.

To extend the results of the microtiter assays, we used 32P-
labeled oligodeoxynucleotides as substrates to investigate the
terminal cleavage, strand transfer, and disintegration reac-
tions. After the reaction, DNA products were separated by
denaturing polyacrylamide gel electrophoresis and visualized
by autoradiography. These reactions are sufficiently time-con-
suming that they are usually carried out with minimal repeti-
tion, leading to greater uncertainty in quantitation, but they do
have the advantage of revealing more about the product DNA
structure.

Figure 2C displays the products of strand transfer reactions
containing wild-type IN, D64C, D116C, and E152C in pres-
ence of Mg2� or Mn2�. Two different strand transfer sub-
strates were compared: one was the blunt-ended DNA found
prior to cleavage of the viral DNA termini by IN (left panel)
and the other was a postprocessing substrate with the dinucle-
otide removed (right panel). Most Cys substitution mutants
were not detectably active, as in the microtiter assay. However,
slight activity could be seen with D116C in the presence of
Mn2� in assays with the postprocessing substrate, indicative of
weak metal rescue. On long exposures of the autoradiogram
(data not shown), the pattern of strand transfer products was
similar for the wild-type IN and D116C, indicating that sup-
plying Mn2� by binding to Cys rather than Asp did not have a
strong effect on selection of target sequences for integration.

The disintegration reaction showed the strongest rescue in
the assays with end-labeled substrates, as in the microtiter
assay (Fig. 2D). Considerable activity was seen with the D116C
in the presence of Mn2�, but no detectable activity was seen in
the presence of Mg2�. Slight activity was seen with D64C in the
presence of Mn2� but not Mg2�. E152C did not show any
activity in either metal. Assays of terminal cleavage did not
display any metal rescue with the Cys substitution mutants
(Fig. 2E).

For the case of the D116C mutant, the robust activity seen in
the presence of Mn2� could be due either to Mn2� binding to
the Cys residue or to a lack of requirement for the D116
residue under these conditions. Several previous studies have
reported that amino acid substitutions in D64, D116, or E152
resulted in a drastic reduction in IN activities (20, 36, 44, 45),
consistent with the D116C activity in Mn2� indeed resulting
from metal rescue. However, to test this point under the spe-
cific conditions of our assays, we prepared D116A and D116S
derivatives of IN and tested them for the above activities. We
found that these mutants were inactive (data not shown), sup-
porting the idea that the activity of D116C resulted from metal
rescue.

One possible complication in interpreting the metal rescue
experiments is that the residue just carboxyl terminal of D64 is
a Cys. Thus, we were concerned that competing binding of
Mn2� to this residue might affect the activity of mutants con-
taining Cys substitutions in the D,DX35E motif. For this rea-
son, we prepared a C65S mutant and assayed its activity alone
and in the presence of the other D,DX35E Cys substitutions.
The C65S substitution did not alter the activity of the wild-type
enzyme, nor did it affect the behavior of the D,DX35E mutants
(data not shown). Evidently, C65 did not disrupt binding of
metal atoms in the Cys substitution mutants.

Given that both D116C and D64C displayed some activity, it
was of interest to test an IN derivative with both substitutions.
However, the double mutant did not display any detectable
disintegration activity (data not shown).

In summary, these data indicate that Cys substitutions in
D116 and D64 can show considerable activity in the presence
of Mn2�, which can bind to Cys, but not Mg2�, which does not
bind Cys. Robust activity of D116C could be detected in the
disintegration reaction, and weak activity could be detected in
strand transfer with a postprocessing substrate. Slight activity
was seen with D64C in disintegration. These data demonstrate
that metal binding at D116 and probably D64 are required for
catalysis by HIV-1 IN.

pH profile of disintegration by wild-type IN and the D116C
mutant. The terminal cleavage, strand transfer, and disintegra-
tion reactions are all reported to proceed by single-step trans-
esterification reactions with either water (terminal cleavage) or
the 3� OH of DNA (strand transfer and disintegration) serving
as the nucleophile (21, 26). The active nucleophiles in these
reactions are expected to be the deprotonated forms, the hy-
droxide ion for terminal cleavage or the deprotonated 3� oxy-
gen atom for strand transfer and disintegration. This would be
expected to confer a strong dependence of catalysis on the pH
of the reaction buffer. To probe this issue, we characterized the
response to pH of disintegration by wild-type IN or D116C.

Wild type IN displayed a different pH optimum in the pres-
ence of Mg2� and Mn2�(Fig. 3). In the presence of Mg2�, IN
shows a relatively sharp peak of activity at about pH 8. In the
presence of Mn2�, the optimal activity is lowered to about pH
7. This 1-pH unit difference parallels the 1-unit difference in
the pKa of water bound to Mg2� versus Mn2�. The Mg2�-
bound water molecule (Mg2�-H2O) has a pKa of 11.4 while
Mn2�-H2O has a pKa of 10.6. Thus, the roughly 1-unit differ-
ence in optimum pH seen in the disintegration reaction (Fig. 3)
suggests that the metal atom is actively involved in the depro-
tonation step.

Like wild-type IN, D116C also displayed an optimum pH in
the presence of Mn2� of about pH 7. This suggests that iden-
tical active species were used in the active site for the wild type

FIG. 3. Response of the disintegration reaction to different pHs in
the presence of Mn2� or Mg2�. The pH values are indicated along the
bottom of the graph; the peak activity of wild-type IN in Mn2� is set at
1.
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and D116C, specifically the deprotonated 3� oxygen. However,
the disintegration activity of D116C dropped much more
quickly at lower pH than the wild type in the presence of
Mn2�, which we attribute to the higher pKa of cysteine (pKa �
8.5) than of aspartic acid (pKa � 4.4). These data together
strengthen the idea that the active substrate for disintegration
is the deprotonated 3� oxygen atom and that one role of the
bound metal atom at the active site is stabilizing this species.

Role for metal atoms in stabilizing the IN-DNA complex.
Although the above data indicate that the binding of the metal
cofactor to the D,DX35E motif is required for catalysis, it is
possible that metal atoms also play additional roles in IN
multimerization or substrate binding, as suggested previously
(2, 19, 27, 48). Here, the ability of metal atoms to stabilize
IN-DNA complexes was probed by titration of NaCl in reac-
tions. Figure 4 shows that wild-type IN responds differently in
NaCl titrations in the presence of Mg2� and Mn2�. In the
terminal cleavage reaction, in the presence of Mn2�, IN is
active in NaCl concentrations up to 115 mM. In the presence
of Mg2�, NaCl is tolerated up to only about 75 mM. In addi-
tion, at higher NaCl concentrations in the presence of Mg2�,
an additional abnormal product becomes visible, cleavage of a
single nucleotide from the 3� end instead of two nucleotides
(data not shown). The higher salt concentrations likely dis-
rupted the conformation of the IN-DNA complex, causing the
substrate to become mispositioned in the active site and re-
sulting in the inappropriate cleavage. In the disintegration
reaction also, the activity persisted at higher salt concentra-
tions in the presence of Mn2� than Mg2�, and the D116C
protein behaved similarly to the wild-type in Mn2� (data not
shown). Thus, the metal cofactor has a strong effect on the
response to NaCl titration, providing evidence for a role of
metal in stabilizing the IN-DNA complex.

DISCUSSION

Here we used a metal rescue strategy to investigate the
D,DX35E motif of HIV-1 IN. The acidic side chains expected
to bind metal were replaced with Cys residues, and activity was
compared in Mn2� and Mg2�. Since Mn2� but not Mg2� can
bind to sulfur atoms, catalysis of Cys substitution mutants in
the presence of Mn2� alone provides evidence for metal bind-
ing to that side chain during the reaction. In the most telling
combination, the D116C mutant retained near-wild-type levels
of disintegration activity in Mn2� but no activity in Mg2�.

D64C showed modest but clear activity in the presence of
Mn2� but not Mg2�, but E152C showed no convincing activity
under any conditions. These data establish that at least D116
and probably D64 contributes to catalysis by binding metal
atoms. The role of E152 is unclear (discussed below). The
study of the pH dependence of the reaction in the presence of
different metals argued for a direct role of the metal cofactor
in catalysis (Fig. 3). A further role for metal could also be
detected in stabilizing the IN-DNA complex (Fig. 4), as sug-
gested previously (2, 19, 27, 48).

Organization of the IN active site. Extensive mutagenic and
biochemical experiments allow a detailed model for the IN
active site to be considered, despite the lack of an X-ray struc-
ture of IN bound to DNA, and these help interpret the results
of our metal rescue study. Cross-linking and mutagenesis stud-
ies have identified a likely path for the viral DNA end on the
catalytic domain (Fig. 5A). Amino acid residue K159 cross-
links to the A of the 5�-CA-3� sequence of the viral DNA end
that becomes joined to target DNA (22). E152 has been im-
plicated by altered specificity experiments in also contacting
the A of 5�-CA-3� (27). The 2-base 5� overhang produced by
the terminal cleavage reaction can be specifically cross-linked
to residues 143, 148, and 62 (22). Importantly, amino acid
residue 119 has been implicated in target DNA binding in
studies where mutant IN derivatives were tested for altered
target sequence preferences (Fig. 5A) (1, 31). Residue 119 is
located on the opposite side of the clustered acidic residues
from those implicated in binding the viral DNA end. Analysis
of the distribution of charged residues on the IN surface re-
veals tracks of relatively basic residues extending along the IN
surface to the active site (Fig. 5B), marking potential docking
sites for the phosphate backbone. These data allow specific
positions of the viral DNA end and target DNA to be proposed
(Fig. 5C). To allow the known contacts, the viral DNA end is
partially unpaired for three bases. It is known that DNA dis-
tortion at the viral DNA end can promote the reaction (6, 34,
40, 42), tentatively supporting this feature of the model. The
target DNA is positioned by the residue 119 contact and ad-
justed to maximize contact with basic amino acids on the IN
surface.

Two structures of the avian sarcoma-leukosis virus (ASLV)
IN catalytic domain have been resolved with either two Zn2�

atoms or two Cd2� atoms bound by the three acidic residues
(4). For the HIV IN structures, only one Mg2� atom has been
seen bound, contacting D64 and D116 (4, 28), so only one
metal atom is shown in the model. However, it seems likely
that two metals are involved mechanistically, as seen in the
Zn2� and Cd2� structures, since this would parallel many
enzymes that are thought to use two metal-type mechanisms
(3, 49). In the ASLV structure, the residue equivalent to D64
of HIV IN binds to two metal atoms, with one oxygen of the
carboxylate side chain contacting each metal. Each metal atom
is also bound by one of the other two acidic residues (the
equivalents of D116 and E152) of the D,DX35E motif.

If this metal binding conformation indeed reflects the active
arrangement in the HIV IN active site with two bound Mg2�

atoms, then this may explain why D64 displayed only very weak
metal rescue in our study. The Cys side chain in D64C is able
to bind only one metal atom at a time, so it could not make the
two metal contacts simultaneously.

FIG. 4. Terminal cleavage by wild-type (WT) IN monitored with
end-labeled substrates in the presence of different concentrations of
NaCl and Mg2� or Mn2�. The concentrations of NaCl in each reaction
mixture are shown at the top; the metal cofactor present is shown at
the bottom.
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The D116 residue is near both the viral DNA end and the
target DNA, making one contact to an Mg2� atom. This res-
idue displayed the greatest tolerance for the Cys substitution,
but the activity was far greater in the disintegration reaction
than terminal cleavage or strand transfer. In the disintegration
substrate, the connectivity of the substrate holds the reactive 3�
hydroxyl near its DNA target. One possibility is that the D116
side chain normally contacts and aligns the DNA substrates as
well as the metal cofactor, and upon substitution with Cys, the
substrate contacts are disrupted. Use of the disintegration sub-
strate may make up for such a deficiency. Alternatively, it is
possible that the Cys side chain does not place the metal atom
in the fully correct position but binding the disintegration sub-
strate helps hold the metal in the proper location.

The role of E152 is unclear. In the X-ray structures of the
HIV IN catalytic domain with Mg2�, E152 is not sufficiently
close to D64 for both side chains to jointly chelate a metal

atom. E152 is located on a flexible protein loop (4, 28, 29, 50),
so one possibility is that in the presence of substrate E152
moves to bind metal together with D64. In the native complex,
perhaps E152 contacts substrate functional groups as well as
metal, as suggested from the altered specificity study (27).
Another possibility is that the lack of rescue with E152C is due
to the fact that the Glu side chain is longer than that of Cys, so
that metal bound by E152C is not correctly positioned. It is
also consistent with our data, however, that E152 does not bind
metal at all but contributes to catalysis by some other mecha-
nism.

There are many unresolved issues in the above model. Ca-
talysis could involve a single active site or multiple active sites.
The cross-linking data and mutagenesis data are all interpreted
in terms of a single monomer, though it is possible that the
measured interactions are contributed by multiple monomers.
It is possible that the arrangement of Zn2� and Cd2� atoms in

FIG. 5. Mapping functional interactions on the IN catalytic domain. (A) Space-filling model of the IN catalytic domain (amino acid residues
50 to 212). The acidic residues of the D,DX35E motif are shown in red. Other colored residues are as follows: 119 (target DNA binding), green;
159 (LTR DNA binding), blue; 148, 143, and 62 (LTR overhang binding), yellow. (B) The IN catalytic domain with basic residues shown blue and
acidic residues shown in red. (C) Candidate model of the IN catalytic domain with viral DNA and target DNA docked in locations suggested by
mutagenesis and biochemical studies. The viral DNA is shown in cyan, and the target DNA is shown in magenta.
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the ASLV active site does not accurately reflect the biological
arrangement of Mn2� and Mg2� atoms with bound substrates.
However, the data summarized in Fig. 5 do allow potential
functions for the Cys substituted acidic residues to be consid-
ered.
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